INTRODUCTION
The factors accounting for the low productivity of a concretion-forming marl lake were explored by Raymond (1937) . Hc studied the factors OF lake depth, total electrolytes, water color and turbidity, dissolved oxygen, pH, and the CO2 content.
He felt that the water might have been deficient in certain elements required for plant and animal growth, but he made no chemical analyses of the water.
In the present investigation, water from Bass Lake was bioassayed in order to determine whether the lake water was deficient in any nutrient elements. Bass Lake is one mile southwest of Lakeland, Livingston Co., Michigan, and is the concretion-forming marl lake on which Raymond (1937) based his study. Nostoc muscorum was chosen as the organism for the bioassay, chiefly because of the author's (Eyster 1951 (Eyster , 1952 (Eyster , 1953 (Eyster , 1958 familiarity with both its culture and its nutritional requirements.
The fact that the water was alkaline in pH and supported a blue-green alga around which concretions formed also contributed to the decision for using the blue-green alga, Nostoc muscorum, as the bioassay organism.
The emission spectrographic analysts of the lake concretions were kindly done by Howard Bales of the Charles 17. Kettering Foundation.
Dr. Walter F. Morofsky, Director, Kellogg Gull Lake Biological Station, is acknowledged for his courtesy in granting the author and his family living accommodations at the Biological Laboratory. This made it convenient for the author to examine Fish Lake, another concretion-forming marl lake located near Orangeville, Barry Co., Michigan.
EXPERIMENTAL
Samples of water from Bass Lake were collected in polyethylene bottles on Octobcr 2, 1955. Two types of bioassays were performed.
In the first type, known macronutrients and micronutrients were added separately to successive aliquots of lake water in 250-ml Erlenmeyer flasks. The concentration of each nutrient was similar to that in the medium used by Chu (1942) , which as here modified had 27.2 mg CaC12, 39 mg NHdNO;i, 10 mg K2HP04, 25 mg MgSOd. 7Hz0, 100 mg NaHC03, 1.37 mg FeSOd-7&O, and 1 ml hs(B, Cu, Mn, MO, Zn) trace clement supplement per liter. Each constituent of the nutrient solution was prepared as a separate stock solution 100 times the strength desired, using 'Specpure" reagents (Johnson Matthey Ltd., Hatton Garden, London, England) .
In successive cultures one milliliter of each stock nutrient was diluted to 100 ml with lake water. The flasks containing the lake water and nutrient supplements were cotton-plugged, autoclavcd, and inoculated aseptically with one loopful of a pure actively growing liquid culture of Nostoc muscorum. The cultures were grown statically with constant illumination of approximately 100 ft-c fluorescent light at about 25°C. After 57 days the total growth was rneasurcd by determining the packed cell volume. Fifty-milliliter aliquots were centrifuged, and the concentrated cells wcrc transferred to I<xax hcmatocrit tubes (Cenco). Cultures with dense growth, i.e., the complete and the KJTP04 supplements, required the use of only IO-ml aliquots, Centrifuging the tubes for 30 minutes at 3300 rpm at a radius of 22 cm produced a constant packed cell volume.
In the second type of bioassay, the cornplcte supplement was added to the lake water, and a different nutrient was omitted in successive cultures. The culturing was generally similar to the first type of bioassay, Packed cell volumes were determined after 49 days of growth. Ten-ml aliquots were used for dense cultures and 50-ml aliquots for sparse cultures.
RESULTS
The results of the first type of bioassay are given in Table 1 . It is evident that the lake water was severely deficient in factors needed for the growth of Nostoc muscorum, and that the growth of the alga was markedly increased only by the addition of K2HP04, and even more by the addition of all the nutrients known to be required by the alga. Table 2 gives the results of the second type of bioassay, which was an improvement over the first because mild or intermediate deficiencies as well as severe deficiencies were revealed by it. One could also evaluate the relative amount of deficiency from the results of the second bioassay by assuming 100 % yield in the lake water having the complete nutrient supplement.
Approximate evaluations of the less severe dcficiencies were: Fe, 42 %; As, 22 % ; and Mg, 13%.
Vurther experimentation (Table 3) showed that potassium as well as phosphate was deficient in the lake water. The potassium deficiency reduced the yield of the lake water by 43 %, whereas there was almost no growth at all in the absence of phosphate. Hence, it might be said that phosphate is the primary deficiency but that potassium is a significant secondary deficiency.
Of the As constituents (Table a) , only manganese was deficient in the lake water. Emission spectrographic analyses have shown that the concretions had Ca as the principal constituent, Mg as the major impurity, and Fe, Si, Mn, Al, and Sr as minor impurities.
The lake water had a pH of 7.8, a phenolphthalein hardness equivalent to 6.8 ppm There was a shift in the pH from 7.85 to 8.35, indicating that K&OS rather than KIICO 3 had been formed. A fairly saturated solution of Ca(IICO& was prepared and then titrated to determine its strength.
Measurements were made of the pI1 of the boiled solution of Ca(HCO& and of boiled aliquots of a Ca(IICO& solution to which progressively larger amounts of KzTIP04 had been added. The data are given in Table 5 . The Ca(HCO& solution had an approximate strength of 0.25 m-molc/lOO ml. When boiled, the solution showed a white precipitate and had a pH of 7.85. The addition of merely 0.0006 m-mole ,of KzIIPO4 to 100 ml of Ca(HCO& solution How can a small amount of phosphate prevent the precipitation of calcium carbonate? Titration values and pII dcterminations of fresh and one-day-old calcium bicarbonate solutions produced results which seemed to fit into a rational pattern.
The phosphate-free calcium bicarbonate solution and the calcium bicarbonate solution with 0.0006 m-mole KJIl.'O~ were similar both in pH (7.45) and in titration value (0.5 mE/lOO ml). When boiled and cooled in stoppered test tubes where there was a minimum of chance to absorb carbon dioxide from the atmosphcrc, the respective pTI values were 7.85 and 8.35, and the titration values were approximately equal at 0.238 mE/lOO ml. On standing one day in an open flask with ample surface exposure the pH values were the same (7.8) but the rcspcctive titration values wcrc 0.289 mE/lOO ml and 0.337 mE/lOO ml. IIcncc, the phosphate had caused a greater reabsorption of carbon dioxide from the atmosphere thereby tcnding to keep calcium in solution as calcium bicarbonate. prevented the formation of the prccipitatc of CaC03 upon boiling, and caused an abrupt DISCUSSION shift in pH to 8.35. Phenolphthalein also Theories of lime precipitation in fresh verified this shift in pH. The former solu-water are discussed by Rankama and Sation without any phosphate was colorless in hama (1950) , who explained that the prethe presence of phenolphthalein, whereas the cipitation of lime involved the removal of addition of 0.0006 m-mole of K&I'04 caused carbon dioxide by its physical escape from ,the boiled solution to give a distinctly red the water into the atmosphere and its con- Precipitates were formed in the Ca(IICO& solutions to which more than 0.006 m-mole K2HI'04 had been added. It seems that the precipitate in these solutions may have been CaIIP04, which prccipitatcd once the amount formed cxcecded the solubility.
sumption by acmatic plants, Factors of temperature, partial pressure of carbon dioxide in the water, pH, and the content of other dissolved substances all are known to play a part in the precipitation of calcium carbonate in natural waters. Davis (1900) discussed the possible relation of vegetation to marl formation, and Johnston and Williamson (1916) emphasized that the purely physical factors should also be taken into account in discussions of its mode of deposition. Tilden (1897) This investigation strongly suggests that concretion formation in marl lakes is associated with extreme phosphate deficiency. The concretions contain blue-green algae Their photosynthetic activity causes the removal of CO2 from Ca(HCO&, thereby producing a molecule of CaC03 for each molecule of COZ absorbed. The removal of CO2 from the Ca(HCO& by boiling or by photosynthesis should make no difference in the results. A round concretion of CaC03 is formed for each active mass of blue-green algae. The formation of jackets of CaC03 around the green "stems" of Chum, also, might require extreme phosphate deficiency. This paper establishes two facts which relate the eFfcct of phosphate to marl formation by plants. First, nutritional amouilts (0.0006 m-mole) of l<ZllPO~ resulted in an autoclaved lake water nutrient medium which consistently had less prccipitatc than an autoclaved nutrient medium lacking phosphate.
Second, boiled medium containing nutrient amounts of phosphate had il higher pH, which caused a greater reabsorption of carbon dioxide from the atmosphere.
In order to understand the variations which exist among lakes, it is necessary to have a knowledge of the physical and chemical factors involved in the metabolism of these lakes. It has been difficult both to measure some of these factors and to decide just when they become limiting (Rawson 1939) . IMany of these difficulties are not encountered in the bioassay method of analysis.
